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Abstract. 2014 The kinetic theory of desorption rates for an adatom on a solid surface is reconsidered from a stochastic point of view. The results of Kramers, obtained within the framework of a FokkerPlanck equation, are thereby generalized. For a deep potential well, the desorption rate is related to the average sticking probability of an incoming thermal particle. The latter in turn depends only on the average energy loss 03B4 of the particle to the substrate during a single oscillation.
It is shown that in most cases the loss to lattice vibrations is so strong as to justify a posteriori the absolute rate theory of Eyring. The [2] ). Granted that the stochastic method is in no way original, we found it easier to construct from scratch our own probabilistic formulation, rather than translating the usual mathematical language into our problem.
In section 2, we set up the general problem of In the standard approach of Eyring [7] , one assumes that the thermal equilibrium distributions fo(e) extends to all energies, including those atoms above vacuum level (E &#x3E; 0) which move away from the surface. The net flow is found from elementary kinetic theory :
where dx = v dt is the distance travelled during time dt. On comparing (2) and (3), we find the socalled absolute rate of desorption (4) has the usual Arrhenius form. Note that (4) only involves equilibrium quantities (1) .
As shown by Kramers [3] (xm is the well minimum).
In the opposite limit I ill, the motion of the particle is a damped oscillation. In the limit q -0, Kramers shows that the desorption may be viewed as diffusion in energy space; the corresponding rate u is proportional to q : it vanishes when q -0, for lack of a mechanism which could replenish the upper states (c &#x3E; 0) once the first particles are gone.
More generally, let us consider an adsorbed layer in thermal equilibriwn with a vapor phase. Consider a gas particle with energy s that hits the surface : let P(s) be the probability that it remains stuck. By stuck we mean that the particle falls deep enough into the well (losing an energy bigger than T), in such a way as to remain trapped near the bottom for a long time (see section 5 for more details). The net flow of particles that hit the surface is given by (3) . Of these, a fraction P (1) In (4), the factor wm comes from no, and it has nothing to do with kinetics. The argument according to which it is the frequency at which the particle tries to escape is meaningless. We thus obtain an exact expression for the desorption rate u Eyring's rate uo is corrected by the average sticking probability P (2) . Note that the result (8) depends only on detailed balance arguments. It is completely general, equally valid in the overdamped case (where, combined with (6), it yields easy access to P ), and in the underdamped limit q m.
We now limit ourselves to the low friction case, " n to. The trajectory is then an oscillatory round trip with random energy. We focus our attention on the particle when it is reflected on the external side. Let si 0 be the energy at such a turning point : the brownian motion may be viewed as hopping from si to ei+1 in the course of one round trip. Eventually, the particles will reach a positive energy en at the edge of the barrier (beyond which friction is negligible) : the particle is then desorbed. Conversely, an incoming particle with energy e &#x3E; 0 will hop into turning energies 81, E2, ..., falling down into the bottom unless is again hits a positive En. Let W(s, 8') de' be the probability that the particle hops from energy e to the range (e', s' + de) in the course of one round trip between two turning points. W(s, s) provides the only physical ingredient of our formalism. We assume that the process is markovian from one round trip to the next : there are no statistical correlations between two successive oscillations. (Such a markovian approximation is less restrictive than the Fokker-Planck description used by Kramers, as it applies only on the finite scale of one round trip). We do not make any assumption on the shape of w(Bg g').
Consider the sticking probability P(8) of an incident particle with energy e &#x3E; 0. After one round trip, it has energy 8', with a probability distribution W(e, c'). If s' &#x3E; 0, the particle escapes and it is not trapped ; if e' 0, it starts over again with a sticking probability now equal to P(e'). The function P(s) thus obeys the simple integral equation (9) must be solved with the boundary condition P -1 when s -+ -oo. The reaction rate u is thus entirely (1) The relation between desorption rate and sticking probability is well known-for instance, in the case of solid evaporation. (ii) 6 » T : then (11) implies W = 0 if e' -e &#x3E; 0 : we can only lose energy (except for a small tail of width T).
(3) Such a simplification may be questioned in the real case of a barrier which is rounded off near the top : then the oscillation period becomes longer and longer when 8 approaches 0. If however we assume that dissipation occurs only in a region of finite width a near the surface, the energy transfers to the heat bath do not vary appreciably when 8 goes through zero : in that case, W depends only on (E' -e).
We now return to the integral equation (9) governing the sticking probability P(e), and we consider first case (ii), i.e., 6 &#x3E;&#x3E; T. If W were strictly zero when e' &#x3E; s, the question of trapping would be answered after the first round trip (since the particle cannot regain energy).
The solution of (9) is then
In practice, the small positive tail in W(8' -s) will round off P near -s = 0, over a range -T : this is a small effect which leaves P(s) very close to 1 in that region. Hence P ~ 1. In the limit 6 » T, the absolute rate uo is therefore correct, irrespective of all the details of individual energy losses.
We consider next the opposite limit 6 « T. The behaviour of P(s) is then sketched in figure 3 . P(8) vanishes if 8 » L1 (in which case the particle leaves after the first oscillation). For negative s, it goes to 1 when s --T : the maximum energy the particle can regain from the thermostat is T (after n oscilla- In principle, these results depend on our markovian approximation, which as we shall see in section 3 is often doubtful. Actually, such a restriction does not hold if 6 » T, in which case after a single oscillation an incoming thermal particle is already well below the top layer of width T : the chance that subsequent oscillations will make for this lost energy are negligible (the heat bath can at best provide an energy T). Thus we may safely conclude that, irrespective of statistical correlations between successive oscillations, the trapping probability P is 1 when d &#x3E; T : the absolute rate theory holds.
3. Generalization to more complicated problems. -Up to now, we were concerned only with a very simplified problem : desorption of a point particle, trapped in a one-dimensional well, in the absence of any activation barrier. We now consider how such a crude model could be extended, at least in principle.
Let us first assume that the adparticle has additional degrees of freedom, beyond the motion in the xdirection normal to the surface. These degrees of freedom may be for instance motion along the y and z axis parallel to the surface (in the three-dimensional problem). They may also be internal motion of a molecular adparticle, whether rotational or vibrational. Let n denote the state of these extra degrees of freedom. The net energy of the particle is It is clear that only Ex is relevant as regards desorption and trapping : the particle will escape if it hits the edge of the barrier with a positive Ex. The extension of our approach is then straightforward. Let Pn(ex,) be the probability that a particle with normal energy Ex, internal state n, be ultimately trapped in the potential well. Similarly, let Wnn,(Ex, E;x be the probability that in one round trip the particle goes from (n, E,x to (n', Ex) x From W, we infer the equation obeyed by the sticking probability (18) The absolute rate is corrected by the internal degrees of freedom -but the relation u/uo = P is unaffected. The main effect of the internal degrees of freedom is to blur the probability W : the normal energy loss, (ex -8 §), may now arise from a transfer between internal energy u and ex itself, a purely elastic process (which adds to the former inelastic exchange with the heat bath). In any case, whatever the average loss 6 in normal energy was, additional degrees of freedom will make it bigger.
The two limiting cases are again trivial. Let bn be the energy loss averaged over all final channels n' : If dn &#x3E; T, the trapping probability P is 1 We now return to a one-dimensional point particle, and we consider another complication, arising when the potential profile V(x) is not monotonic. In the activated desorption barrier of figure 4, the particle must climb a hill of height Va (6) , except that the integral in the denominator extends from xl to X2 (anyhow, it is controlled by the vicinity of xa). Here, we consider only the weak damping case (n w), where the motion is oscillatory.
Let Pi(e) be the probability that a particle entering well i (1 or 2) will be trapped in that well without ever crossing again the barrier at xa (it remains in well i until it falls to the bottom). Conversely, let Q(e) de be the probability per unit time that a particle starting from the bottom of well i crosses the barrier at xa with an energy in the range ( (we identify the first passage through x = xa). Using (22) and (23), we see that (24) extends our former result (7) . It is shown in appendix B that a12 = a21, so that detailed balance is preserved.
In order to proceed fur ther, we introduce the conditional probability W1 (8, E) that during one round trip in well 1, the particle goes from energy 8 Let us consider an incoming gas particle. Strictly speaking, it is never trapped ! Even if it falls down to the bottom of the well, it will eventually evaporate again. Thus absolute trapping is meaningless. What we must consider instead is the probability P(8, t) that the incoming particle be still trapped after a time t. As a function of t, we then expect two stages :
(i) At first, the particle remains close to the top of the barrier, within a layer of width T. Then there is still a fair chance that it can pick up enough energy from the heat bath to escape right away. The corresponding time scale t, is typically a few periods of oscillation. If one waits too long, the systematic loss after n round trips, n3, overcomes any diffusion effect ~ ilL1] : with an overwhelming probability, the particle, if it has not escaped before, falls toward the bottom of the well.
(ii) Then begins the desorption period : the fallen particle tries again and again to climb up the potential well -and it will eventually succeed, after a time t2 of order 1 /u.
The corresponding behaviour of P(8, t) is sketched in figure 6 . At t = 0, we start from some energy 8 close to the top : the particle is in and P(8, 0) = 1.
At each round trip, the particle has some probability to escape, and P(8, t) decreases quickly. When the particle has lost more than an energy -T, the escape probability goes down drastically : P(s, t) then decreases much more slowly, as exp | -ut (, where u is the desorption rate. Eventually, P -0 as t --&#x3E; oo.
FIG. 6. -The two time scales for an incoming particle with energy s 0 : a fast scale t1 for trapping or immediate reflection, a slow scale t2 for subsequent desorption if the particle is trapped. The scale t2 is considerably compressed in this figure.
In section 2, we assumed that the two time scales t1 and t2 were quite distinct : t, t2. Trapping occurs on the fast scale tl, desorption on the slow scale t2. In between, trapped particles have ample time to achieve thermal equilibrium. Thus the desorption rate u does not depend on the initial stages : trapping and desorption are statistically decoupled, a feature that justifies our detailed balance argument (and the time independent relationship (7)). To be quite spe- cific, what we denoted as P(8) in section 2 was the plateau in figure 6, i.e., the value of P(8, t) for times &#x3E;&#x3E; t1 and t2.
Clearly, such a separation is possible only if t1 t2, i.e., if the well depth V is much larger than the temperature.
If the well is shallow, we must reconsider our whole analysis, as we can no longer identify a trapping stage -hence another reason for the absolute rate theory to break down. This feature of the problem was already present in the model of Montroll and Shuler [1] . One should not, however, confuse departures from uo with shallow well effects. Actually there are two distinct questions to be raised :
(i) Is the detailed balance relation (7) correct ?
The answer is no for shallow wells.
(ii) If (i) is correct, is P = 1 ? The answer is : it depends on the average energy loss per oscillation 3.
Absolute rate theory means yes to both (i) and (ii). The detailed history of the desorbing particle is characterized by the probability 0(s, s', t) that, launching the particle with energy 8 at time 0, one still finds it near the surface at time t, with an energy s'. Such a function contains all the information we need. For instance, the conditional trapping probability defined earlier, P(8, t) is given by (28) and (31), we see that
In general, u depends on the detailed production rate j(c').
The basic quantity is clearly 0(s, e', t) : its behaviour may be studied by extending the approach of section 2 to time dependent situations. For that purpose, we consider a simple model, with low damping (tl w) : the particle oscillates in the well, with a frequency w(e) that can depend on energy. Rather than using the time variable t, we count the number of oscillations n performed by the particle since its launching : Qn(E, E') is then the probability that the particle goes from 8 to s' in n oscillations (5 The trapping probability after n round trips is thus We see that it is independent of the initial energy 8 
